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157] ABSTRACT

The disclosure relates to devices for supplying current
to X-ray tube cathode filaments. The filament of a cath-
ode is supplied with high-frequency current pulses
given by a hyporesonant type DC/AC converter, the
transistors of which are controlled by a regulation cir-
cuit. This regulation circuit carries out a high-frequency

regulation.

2 Claims, 5 Drawing Sheets
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1

FILAMENT CURRENT REGULATOR FOR AN
X-RAY TUBE CATHODE

BACKGROUND OF THE INVENTION

1. Field of the Invention

The invention relates to a device for supplying cur-
rent to a filament of a cathode of an X-ray tube and for
regulating said current at a selected value.

An X-ray tube is generally constituted like a diode,
i.e. it is constituted by two electrodes, one of which,
called cathode, emits electrons while the other, called
anode, receives these electrons on a small surface that
constitutes the source of X-radiation.

The cathode has a heated filament that constitutes the
electron source. When the high voltage, provided by a
generator, is applied to the terminals of both electrodes
so that the cathode is at a negative potential, a so-called
anode current is set up through the generator and
crosses the space between the cathode and the anode in
the form of an electron beam. The intensity of this elec-
tron beam depends on the temperature of the filament,
this temperature being a function of the power dissi-
pated in the filament, i.e. a function of the current,
called the heating current, that flows in the filament.

The quantity of X-rays emitted by the anode depends
mainly on the intensity of the anode current and, hence,
on the heating current of the filament. Thus, the heating
current of the filament is one of the major parameters
that have to be determined for each radiographic or
radioscopic exposure during a radiological examination
of a patient.

The parameters of the exposure are determined as a
function of the nature of the examination. As a rule,

these parameters are pre-determined by an operator

who displays their values on a contrul panel used to
control the operation of the different elements of a
radiological installation, for example the high-voltage
generator and the filament current generator. Increas-
ingly, the values of these parameters are being deter-
mined by means of a microprocessor device that com-
putes the optimum values of these parameters, for exam-
ple, according to the type of examination desired by the
practitioner and the specific features of the installation.

The parameters that are computed are, for example,
the duration of the exposure time, the energy of the
X-radiation through the choice of the value of the high
voltage applied between the cathode and the anode and
the intensity of the anode current through the choice,
notably, of a value of the intensity of the heating current
of the filament.

It must be noted that the heating current should be
capable of being substantially modified between one
exposure and the next one, for example from 1.5 am-
peres to 3.5 amperes, as well as during the exposure
time. Furthermore, these current values should be ob-
tained quickly and automatically, and should be main-
tained for the requisite time.

2. Description of the Prior Art

There are many devices for supplying and regulating
the current used to heat a filament of an X-ray tube
cathode. One of these devices is described in the French
patent No. 2 597 285. This prior art device, the sche-
matic diagram of which is given in FIG. 1, includes a
current supply circuit 11 and a regulation circuit 12

(including circuit 8).

- The supply circuit 11 comprises a DC voltage source
13 represented by a battery cell 13’ and a DC/AC con-
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verter 14. The DC/AC converter 14 includes a chopper

circuit 31 comprising two switches 20 and 21 controlied
by a control circuit 19 and diodes 22 and 23, and a
resonant circuit 10 comprising capacitors 24 and 23 and
a coil 26. The resonant circuit 10 is connected to a
primary winding 28 of an isolating transformer 9, the
secondary circuit 27 of which includes the filament 13
of the cathode of the X-ray tube 30. The filament 15 1s,
if necessary, supplied by means of a rectifier circuit 29
which, for example, is of the type comprising rectifying

_diodes and filtering capacitors.

The regulation circuit 12 has a circuit 8 for detecting
the heating current of the filament and a circuit 16 for
the measurement of this heating current of the filament,
a comparator circuit 17 for comparing the measured
current with a predetermined value, known as a set-
point value Ic, a voltage-frequency converter circuit 18,
the output signals of which are applied to the DC/AC
converter 14 so as to modify its frequency and thus
obtain a heating current, the value of which 1s equal to
the set-point value Ic.

The device briefly described hereabove has the fol-
lowing drawbacks. The quick turning-off of the transis-
tors of the switches 20 and 21 of the DC/AC converter
14 gives rise to quick variations in the current. These

~quick variations create parasitic signals which disturb

the surrounding circuits, notably the primary winding
28 of the transformer which includes the heating cur-
rent detection circuit 8. The measurement signals thus
include parasitic elements which create an error in the-
regulation circuit 12. When this error is reproducible, 1t

' may be corrected by calibration of the device.
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Such reproducibility is possible only if the operating
state is stable. This is obtained by a regulation of the
voltage E of the source 13. |

The -quick turning-off of the tranmsistors of the
DC/AC converter 14 also has the effect that the current
that flows in the filament 15 has a form that changes
between the sinusoidal form and the sawtooth form
when the voltage E of the source varies. Now, in the
regulation circuit 12, it is provided for a computation of
the effective current that characterises the temperature
of the filament by squaring the measurement value.
When the heating current approaches the sawtooth
form, its squared value has peaks corresponding to
high-order harmonics that the effective value measure-
ment circuit cannot reproduce because its passband 1s
insufficient. A known way of avoiding such a phenome-
non is to regulate the voltage E of the voltage source 13.

SUMMARY OF THE INVENTION

An object of the present invention, therefore, is to
provide for a supply circuit in which the steps of opera-
tion of the DC/AC converter include no quick stop of
the current flowing in the semiconductors nor any
waveform of the filament current exhibiting high har-
monics.

To achieve this object, the invention proposes a
DC/AC converter of the hyporesonant type with dis-
continuous operation wherein the switching frequency
of the semiconductors of the DC/AC converter is
smaller than the resonance frequency of the resonant
circuit and wherein the semiconductors are turned off
when the current in these semiconductors is null.

The invention therefore relates to a filament current
regulator for an X-ray tube cathode comprising a circuit
for the supply of current to said filament and a circuit
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for the regulation of said current, said supply circuit
comprising:

a DC voltage source,

a DC/AC converter to obtain current pulses from the
DC voltage source, and

an isolating transformer, the primary winding of
which is connected to the output terminal of the
DC/AC converter, wherein

the DC/AC converter is of the hyporesonant type
and generates high-frequency current pulses, and
wherein ,

the isolating transformer, which is of the pulse type,
has its secondary winding directly connected to
said filament of the cathode.

The regulation circuit of FIG. 1, corresponding to
the prior art, has a substantial time delay between the
application of a set-point value and the obtaining of this
set-point value for the filament current. This time delay
1s due to the filtering introduced by the circuit for com-
puting the effective value of the filament current in the
measurement chain. Now, any filtering in the measure-
ment chain is equivalent to a bypass in the direct chain.
This bypass is a source of instability. To prevent this
instability, the direct chain has a filtering system that
greatly limits the passband of the automatic control
loop. This results in the above-mentioned signal.

Another object of the present invention, therefore, 1s
to design a regulation circuit that includes no filtering
circuit in the measurement chain.

To achieve such an object, the measurement signal 1s
squared and compared with the squared value of a set-
point value, and 1t is therefore not necessary to use a
circuit to compute the square root that a fiitering circuit
would have.

Thus, the regulation circuit according to the inven-
tion comprises: ,

a circuit for measuring the current I{t) in the filament,

a circuit for computing the square Ix(t) of the current
I(t),

a differentiator circuit for obtaining the difference e
between I%(t) and a signal I,.2 representing the
square of the current I.sto be obtained 1n the fila-
ment,

an imtegrator circuit for integrating the difference e,

a comparator circuit for comparing the integrated
signal with a threshold and to obtain an output
signal as soon as the integrated signal goes beyond
said threshold,

a control circuit for controlling the DC/AC con-
verter, said control circuit being controlled by the
output signal of the comparator circuit and giving
control signals for the switches of the DC/AC
converter sO as to create a current pulse in the
primary winding of the transformer.

BRIEF DESCRIPTION OF THE DRAWINGS

Other objects, features and advantages of the inven-
tion shall appear from the following description of a
particular exemplary embodiment of the invention, said
description being made with reference to the appended
drawings, of which:

FIG. 1 is a functional diagram of a device for the
supply and regulation of the current of a filament of an
X-ray tube cathode according to the prior art;

FIG. 2 1s a functional diagram of a device for the

supply and regulation of the filament current of an
X-ray tube cathode according to the invention;
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FIG. 3 i1s a simplified functional diagram of the con-
trol circuit 51 of the diagram of FIG. 2, and
FIGS. 4a to 44 are graphs of signals as a function of

time, useful for an understanding of the operation
of the supply and regulation device according to
the present invention.

DETAILED DESCRIPTION

The diagram of FI1G. 1 has been described briefly in
the description of the prior art, to show certain draw-
backs of filament current regulators for X-ray tube
cathodes according to the prior art.

In FIG. 2, the device for the supply and regulation of
the current of a cathode filament 40 of an X-ray tube 41,
including an anode 42, comprises a current supply cir-
cuit 43 and a circuit 44 for the regulation of the current
flowing in the filament 40. The supply circuit 43 1in-
cludes a DC source 45, a DC/AC converter 46 and an
isolating transformer S0.

The DC voltage source 45 may be of any known type
without voltage regulation. It comprises, for example,
an AC voltage source 47 that is connected to diodes D1 *
to D4 mounted in a full-wave rectifier bridge. The out-
put terminals of the rectifier bridge are connected to the
DC/AC converter 46 by means of a filtering cell that 1s
constituted mainly by an electrolytic capacitor C1.

The DC/AC converter 46 includes a chopper circuit
48 and a resonant circuit 49. |

The chopper circuit 48 comprises, for example, two
field-effect transistors T1 and T2 which are series-con-
nected between the output terminals of the supply cir-
cuit 45 and two diodes DS and D6 which are respec-
tively connected, in parallel, between the drain and the
source of the transistors T1 and T2 so that their anode
is connected to the source of the corresponding transis-
tor. It also comprises a control circuit 81 for controlling
the transistors T1 and T2. |

The resonant circuit 49 comprises, for example, two
capacitors C2 and C3, which are series-connected to the
output terminals of the DC/AC converter 48 and a coll
L1, one terminal of which is connected directly to the
anode of the diode DS while its other terminal is con-
nected to the common point.C of the capacitors C2 and
C3 via a primary winding 52 of the transformer 50.

The isolating transformer 50 is of the pulse type. It
comprises, in addition to the primary winding 52, a
secondary winding 53, the output terminals of which
are directly connected to the filament 40 of the cathode
of the X-ray tube 41. It must be noted that, as compared
with the diagram of FIG. 1, there 1s no rectifier circuit
in the secondary circuit so that the filament 40 is sup-
plied with pulsed current. However, the device accord-
ing to the invention can be implemented if a rectifier
circuit is connected between the secondary winding 53
and the filament 40.

The DC/AC converter 46 is: of the hyporesonant
type, i.e. the switching frequency of the transistors T1
and T2, as defined by the control circuit 51, is lower
than the resonance frequency of the resonant circuit 49.

The regulation circuit 44 includes a circuit 54 for the
detection and measurement of the heating current I(t)
that is connected, for example, to the primary winding
52 of the transformer 50. The signal detected by this
measuring circuit is applied to a multiplier circuit 55
that multiplies the input signal proportional to I(t) by
itself so that the signal at the output terminal is propor-
tional to I4(t). The output signal proportional to I(t) is
applied to an input terminal of a differentiator circuit 56
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which also receives, at its other input terminal, a refer-
ence signal I’ref corresponding to the current I,.rthat it
is desired to obtain in the filament 40. This signal I’ref is
given by a control device 59. The error signal e= =J2ref-
—I2(t) is applied to an integrator circuit 57, the output
signal of which is applied to a comparator 58, the refer-
ence potential of which is ground. The comparator 58
gives a pulse as soon as the integrated signal is, for
example, greater than the potential of ground, and this
pulse lasts up till the instant when said integrated signal
becomes smaller than the potential of ground. This
pulse, given by the comparator 58, is applied to the
control circuit 31 to trigger the conduction of either one
of the transistors T1 and T2 depending on whether the
previously conductive transistor was T2 or T1.

FIG. 3 1s a simplified functional diagram of the con-
trol circuit 51. This control circuit 51 includes a logic
AND circuit 60, one input terminal 60¢ of which i1s
connected to the output terminal of the comparator
circuit 58 and the other input terminal, 605, of which is
connected to a delay circuit 64. The output terminal of
the AND circuit 60 is connected, firstly, to an input
terminal of a bistable circuit 61 and, secondly, to the
input terminals of two delay circuits, one referenced 64

and the other referenced 65. The bistable circuit 61 has
two output terminals 61a and 615, the former corre-

sponding to the state 1 and the latter to the state 0.
These two output terminals 61c and 615 are respec-
tively connected to one of the two output terminals of
the logic AND circuits 62 and 63. The other 1input ter-
minal of the AND circuits 62 and 63 1s connected to the
output terminal of the delay circuit 65.

The AND circuit 60 gives a control pulse to change
the state of the bistable circuit 61 whenever the circuit
58 gives a pulse and whenever a certain time i has
elapsed since the last pulse. This time O is obtained by
means of the delay circuit 64.

The bistable circuit 61 provides the control signals
for the transistors T1 and T2 by means of the AND
circuits 62 and 63, the opening of which is controlled by
the signal of the delay circuit 6§ which determines the
minimum period of conduction ©; of said transistors.

The values ©; and ©; may be 50 microseconds and 37
microseconds, respectively, if the maximum switching
frequency is 20 kilohertz.

The operation of the supply and regulation device
according to the invention shall now be explained with
reference to FIGS. 2, 3 and 4, in assuming that a pulse
T'1 (FIG. 4g) 1s applied at the instant to to the control
electrode of the transistor T1. This signal T'1 turns the
transistor T1 on and keeps it in this state, and a current
i1 (FIG. 4a), called a positive current, flows in the tran-
sistor T1, the coil L1, the primary winding 352 of the
transformer 50, the capacitors C2 and C3 (in fact i;/2 in
each capacitor) and the source 45. -

This current i gives rise to a sinusoidal voltage V
(FIG. 4)) at the terminals of the primary winding 52,
and the result thereof is a current I(t) (FIG. 4¢) in the
secondary winding 83 of the transformer 50. This cur-
rent has a shape identical to that of the current 1; flow-
ing in the primary winding.

The current I; charges the capacitor C3 and dis-
charges the capacitor C2 and their charging voltage
counters the flow of the current i; so that this current 1;
gets cancelled out at the instant t;. The capacitor C3
then becomes discharged while the capacitor C2 be-
comes charged and a current i2 (FIG. 4a), called a nega-
tive current, flows in the capacitors C2 and C3 (in fact
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12/2 in each capacitor), the primary winding §2, the coil
L1, the diode D5 and the source 45. This negative cur-
rent gives rise to a negative voltage (FIG. 4b) at the
terminals of the primary winding 52 and, consequently,
to a negative current I(t) (FIG. 4¢) in the secondary
winding 53. When the current i, gets cancelled out, the
pulse 1s ended.

After a variable period of time, which is determined
by the regulation circuit, a pulse T'2 is applied to the
control electrode of the transistor T2 at the instant t'5 to
turn it on. A current i'y, called a negative current, then
flows in the transistor T2, the source 435, the capacitors
C2 and C3 (in fact i'1/2 in each capacitor), the primary
winding 52 of the transformer 50 and the coil L1. This
negative current gives rise to a negative voltage V
(FIG. 4b) at the terminals of the primary winding 52,
and the result thereof is a negative current I(t) (FIG. 4¢)
in the secondary winding 83 of the transformer 50. This
current has a shapc identical to that of the current 1’
flowing in the primary winding.

The negative current I'j charges the capacuor C2 and
discharges the capacitor C3, and their charging voltage
counters the flow of the current i’y so that this current
i'; gets cancelled out at the instant t';. The capacitor C2
then becomes discharged while the capacitor C3 be-
comes charged and a positive current i'> flows in the
capacitors C2 and C3 (in fact i'2/2 in each capacitor),

~ the primary winding §2, the coil L1, the diode D6 and
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the source 45. This positive current gives rise to a posi-
tive voltage (FIG. 4b) at the terminals of the primary
winding 52 and, consequently, to a positive current I(t)
(FIG. 4¢) in the secondary winding 53. When the cur-
rent i's gets cancelled out, the pulse is ended.

The control circuit 51, described in relation with
FIG. 3, works as follows, in assuming that the transistor
that has Just been conductive is the transistor T2. When
the circuit 58 provides the pulse 70 (FIG. 4f), its leading
edge activates the change in the state (state 1) of the
bistable circuit 61 via the AND circuit 60, provided that
the second input terminal of this AND circuit receives
the authorizing signal 71 (F1G. 4h) given by the delay
circuit 64. The signal given by the AND circuit 60
zero-sets the two delay circuits 64 and 65 so that the
AND circuit 60 closes during the period O (FIG. 44)
and the AND circuits 62 and 63 open during the period
O, (FIG. 4g). However, only the AND circuit 62,
which receives the state 1 signal from the bistable cir-
cuit 61, gives a signal that turns the transistor T1 on. As
indicated further above, the duration of this signal is
determined by the duration ©; of the signal T'{ given by
the delay circuit 65, namely at least equal to the half-
period of the maximum switching speed, so that the
transistor T1 (or T2) is kept in the conductive state
during the period ©;. The signal T’y (or T'2) therefore
always ends after the instant t; (or t'y).

A duration O; after the pulse 70, the delay circuit 64
gives a signal 71’ for the opening of the AND circuit 60
so that the next pulse 70' changes the state of the bista-
ble circuit 61 which turns into state 0, ends the signal 71’
by means of the delay circuit 64 and gives the signal T'2
by means of the delay circuit 65. The AND circuit 63
then gives a signal of a duration 6, which turns the
transistor 12 on. ‘

During the next cycle, the transistor T1 will be con-
ductive, for the bistable circuit 61 returns to state 1.

The control circuit 51, described in relation with
FIG. 3, has two delay circuits 64 and 65, but it is under-
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stood that it can be set up by means of only one delay
circuit. :

In the device for the supply and regulation of the
filament current according to the invention, the regula-
tion of the value of the current is obtained by alternat- >
ing pulses of current which are substantially identical
but inverted at each cycle, but the frequency of which
varies to obtain the desired value I,z Thus, should Ly
increase, the difference € will increase and the slope (the
part 73 1n FIG. 4¢) of the integrated signal will also
increase so that the pulse 70’ will appear a little earlier
and will therefore trigger the transistor T2 earlier.

In the description of the operation of the DC/AC
converter, it has been indicated that the currents 13, 12, 5
1';and 1’7 flow in the capacitors C2 and C3, but it 1s clear
that each of these currents divides into two equal parts
at the point C, one half flowing towards the arm con-
taining the capacitor C2 and the other half flowing
towards the arm containing the capacitor C3. 20

What 1s claimed is:

1. A filament current regulator for an X-ray tube
cathode comprising a circuit for the supply of current to
a filament and a circuit for the regulating of said cur-
rent, said supply circuit comprising: 25

a DC voltage source; )

a DC/AC converter for providing current pulses

from said DC voltage source; and
an isolating transformer the primary winding of
which is connected to the output terminal of said
DC/AC converter; .

wherein said DC/AC converter is of the hyporeso-
nant type and generates current pulses to said 1so-
lating transformer; 35

wherein said DC/AC converter is controlled by
high-frequency pulses provided by a regulation
circuit; and

wherein said isolating transformer is of a pulse type

having 1ts secondary winding directly connected to 40
said filament;

wherein said regulation circuit comprises:

a circuit for detecting the current I(t) in said filament;

10

30

435

50

35

65

8

a circuit for computing the square I2(t) of the current
I(t);

a differentiator circuit for obtaining the difference ¢
between I%(t) and a signal I%ref representing the
square of the current I.rto be obtained in said
filament;

an integrator circuit for integrating the difference ¢;

a comparator circuit for comparing the integrated
signal with a threshold and for obtaining an output
signal as soon as the integrated signal goes beyond
said threshold;

a control circuit for controlling said DC/AC con-
verter, said control circuit being controllied by the -
output signal of said second comparator circuit and
generating control signals for smd DC/AC con-
verter sO as to generate current pulses in the pri-
mary winding of the transformer.

2. A device according to claim 1, wherein said con-

trol circuit comprises:

a first AND circuit, one of the two input terminals of
which is connected to the output terminal of said
comparator circuit;

a bistable circuit, the control input terminal of which
is connected to the output terminal of said first
AND circuit so as to change state at each signal
given by said first AND circuit;

a second AND circuit, one of the two input terminals
of which is connected to the output terminal of said
bistable circuit corresponding to the state 1;

a third AND circuit, one of the two input terminals of
which is connected to the output terminal of said
bistable circuit corresponding to the state 0;

a first delay circuit, the input terminal of which is
connected to the output terminal of said first AND
circuit and the output terminal of which 1s con-
nected to said second .nput termnal of said first
AND circuit; and

a second delay circuit, the input terminal of which 1is
connected to the output terminal of said AND
circuit and the output terminal of which 1s con-
nected to the other input terminal of said second
and third AND circuits.

¥ %x x * %
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Column 3, line 38, change ”Iz(t)” to --Iz(t)--.

2
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